Active Magnetic Thrust Bearing 

This invention pertains to active magnetic thrust bearings and more particularly an 
active magnetic thrust bearing that acts in cooperation with only a single axial side of a rotor, 
5 using an efficient permanent magnet bias for linearized and highly amplified control. 

Compared with prior art active magnetic thrust bearings that use permanent magnet bias on 
two or more axial surfaces, the invention offers greatly simplified construction and assembly 
and reduced costs. 

10 Background of the Invention 

S3 Existing designs of active magnetic thrust bearings have suffered from problems 

S including nonlinear control, inefficient force generation, and complex construction with 
jAf actuation on two or more axial surfaces of a rotor. Many designs that use efficient force 
!Jj generation from permanent magnet bias, use one or more thrust disks attached to the rotating 
TT5 object, and a stator that must be assembled to enclose a disk or to be enclosed by multiple 
|^ disks. This type of construction is undesirable because it requires high tolerances on multiple 
□ piece assemblies, is expensive in terms of the multiple precision pieces and their assembly and 
g because of the difficulties in assembly and disassembly of the rotor and bearing system. It 

would be preferable to have an active magnetic thrust bearing that could operate on a single 
20 axial side of the rotor, facilitating much simpler and lower cost construction. 

A prior art single sided active magnetic thrust bearing 30 using an unbiased 
electromagnet, shown in Fig. 1, includes a rotor or thrust disk 32 attached to a shaft 31, and a 
stator 39 constructed of a ferromagnetic yoke 33 located adjacent to the disk 32. The yoke 33 
has an electromagnetic coil 34 and two ring poles 35 and 36 that form an axial air gap 37 
25 between the stator yoke 33 and the thrust disk 32. Current through the electromagnetic coil 
34 produces a controllable magnetic flux 38 that attracts the thrust disk 32 toward the stator 
33. 

Unfortunately, the force to current response is nonlinear, which makes control of the 
magnetic bearing 30 difficult. The force generated is also small for the amount of current in 
30 the coil 34. Many turns of the coil 34 could be used to create a high intensity of flux 38 with 
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minimal current, however this increases the inductance of the coil 34 and slows the response 
time, making it unsuitable for use in magnetic levitation bearings. This magnetic bearing 30 
also generates a very high unstable tilting moment because a small change in the distance 
between the poles 35, 36 and the disk 32 causes a large change in the axial force. The 
5 magnetic bearing 30 also produces force only in the vertical direction. A positive current or 
negative current in the coil 34 both cause an upward force. To increase the force generation 
per control current and to make the response linear, a large bias current can be continuously 
run through the coil 34. The control current is then superposed on top of that current to 
provide a controllable force. The problem with this technique is that the magnetic bearing 
10 requires constant power consumption, and the unstable tilt moment generated is very large 
making full levitation systems more difficult with a non-linear force-to-position response. 
Establishing a large bias flux through appreciable air gaps also requires a very large bias 
uj current and or number of coil turns. 

^ A single sided active magnetic thrust bearing configuration using a permanent magnet 

: s S 
•s- : 

Q5 in series with an electromagnet for generating bias flux of prior art is shown in Fig. 2. In this 
u design, a permanent magnet is used to create the bias flux for the bearing. The active magnetic 
}i thrust bearing 40 is comprised of a thrust disk 42 attached to a shaft 41, and a cooperating 
ill ferromagnetic yoke 43 of an electromagnet 52 that is fastened to a fixed stator 51 and closely 
\2 spaced from the disk 42. An electromagnetic coil 44 in the electromagnet 52, for generation of 
20 a control flux 49, is wound between inner and outer annular ring poles 46 and 47 of the yoke 
43. A permanent magnet 45 generates a bias flux 50 without requiring electric power to the 
coil 44. The control and bias flux 49, 50 exit and enter the stator through the ring poles 46 and 
47. The spacing between the thrust disk 42 and the poles 46, 47 of the yoke 43 constitute an 
axial air gap 48 between the fixed yoke 43 and the rotating thrust disc 42. 
25 Although the permanent magnet 45 can generate a high bias flux 50 without requiring 

power and the flux can be established over larger air gaps 48, this design of magnetic bearing 
40 has several deficiencies. The permanent magnet has a very low magnetic permeability, 
similar to an air gap. Therefore the control flux 49 created by the coil 44 must drive through a 
much larger effective air gap, so the amount of control flux generated per amount of coil 
30 current is significantly reduced. The force efficiency of the magnetic bearing is lower than 
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desired. Also, operation with a control flux opposite in direction to the bias flux for causing a 
reduction in axial force can be difficult since the coil must work against the permanent magnet. 

Other types of active magnetic thrust bearings that have linear response and efficient 
force generation have been developed. These thrust bearings use permanent magnets to 
5 generate a bias flux and electromagnetic coils to generate the control flux. However in these 
designs, the bearing is designed such that the coil need not drive the control flux through the 
permanent magnet. The control flux and the bias flux have non-coincident paths, but they 
share the portions of their paths including the axial air gaps where the fluxes add or subtract 
for highly amplified force generation. Because the control flux need not pass through the high 
10 reluctance permanent magnet, the amount of control flux per coil current is much greater, 
u Several designs using this principal have been developed. Unfortunately, all such designs work 
!?! by using two axial sides of the rotor and two or more axial surfaces. The control flux provides 
W a highly efficient force response because the control flux adds with the bias flux on one axial 
jH side of the rotor and at the same time is subtracted from the bias flux on the opposite side. A 
reverse in the control current causes a reverse in the direction of the generated force. The 
problem with these magnetic bearings is that they require a complicated structure in which the 
u stator must axially enclose a single thrust disk or the stator itself is enclosed by two or more 
m disks. The multiple precision pieces are expensive and assembly and disassembly of machines 
p using these bearings is difficult. The stator is essentially locked around the rotor when 
20 assembled. This can hinder magnetic bearing implementation in many applications. 

Therefore, a need existed has long for a high force, high efficiency magnetic thrust 
bearing with a simple construction that can act in cooperation with a single axial side of a 
rotor. 

25 Summary of the Invention 

Accordingly, this invention provides an active magnetic thrust bearing that acts in 
cooperation with only a single axial side of a rotor that is rotatable about an axis of rotation, 
while also having an efficient permanent magnet bias for linearized and highly amplified 
control. The active magnetic bearing uses two concentric ring poles that axially face a 

30 ferromagnetic axial surface of the rotor, creating two annular axial air gaps. A permanent 
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magnet in the stator drives a bias flux through a first path including one ring pole, its air gap, 
the rotor, the second air gap and the second ring pole. The permanent magnet also drives flux 
through a second path in the stator, by-passing the rotor. The second path has a comparable 
reluctance to that level of flux produced by the permanent magnet. 
5 An electromagnetic coil in the stator is wound coaxially with the axis of rotation. The 

coil drives a control flux in a circuit including the second path, both ring poles and axial air 
gaps. The bias and control fluxes are therefore superposed in the axial air gaps for amplified 
response. The force generated is proportional to the square of the flux density so a small 
control flux can result in a large change in axial force exerted upon the rotor. The use of the 
10 bias flux also makes this response linear. Because of the inclusion of the second path with 

reluctance comparable to the path including the axial air gaps, the electromagnetic coil does 
O not have to drive flux through the permanent magnet. A much higher control flux and higher 
ill force is generated from a given coil current and number of turns due to the presence of a lower 

2 reluctance circuit for the control flux. The reluctance of the bias shunt circuit (the 2 nd Path) is 
;if 5 high enough to prevent short-circuiting the bias flux. 

In operation, the control flux either increases or decreases the total flux in the axial air 
u gaps while simultaneously having the opposite effect in the second path. Compared with prior 

3 art designs using permanent magnet bias and non-coincident control and bias flux paths, the 
□ invention does result in lower force generation per coil current and number of turns. This is 

20 because the control flux path provided in the invention has a higher reluctance. However, 
because the invention can be made to operate on only a single side of the rotor, the 
construction is much simpler. The permanent bias and control flux path allows generation of 
much higher forces than previous single sided active magnetic thrust bearings and a linear 
response. In addition, larger magnets and or larger ring pole surface areas can also be used to 

25 further increase the force response. Employing a separate bearing on each of the opposite ends 
of a structure can also double the axial force on the structure. The bearings would be 
connected such that, as the force in one bearing is increased, the force in the other bearing is 
decreased. The second path can include a low permeability section to obtain a reluctance 
comparable to the path including the axial air gaps and rotor. In one embodiment of the 

30 invention, the second path has a shunt portion with a reduced cross sectional area. The 
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reluctance would be very low at low levels of magnetic flux, but at the flux level provided by 
the permanent magnet, the small cross section area saturates and increases the reluctance in the 
shunt. The benefit of this configuration is simpler construction, allowing pieces to be fit 
together tightly and without the use of extra non-ferromagnetic spacers. The benefit of a 

5 comparable reluctance in the second path as the path that includes the axial air gaps is to 
prevent shorting of all of the bias flux from the permanent magnet through the second path, 
which would result in little or no bias flux traveling through the axial air gaps to the rotor and 
hence a small and nonlinear bearing force response. 

In another configuration and embodiment of the invention, the permanent magnet can 

10 be attached to the rotor instead of the stator. This is usually less preferable because of the low 
strength of permanent magnets in combination with stresses generated during rotation, 

□ however, it may offer benefits in particular designs. The permanent magnet and the second 
m path are located on the rotor and the coil is located on the stator as before for connection to 
q electrical power. 

Ul5 The active magnetic thrust bearing is well suited for applications that experience axial 

force primarily in one direction, experience large axial forces, require simple assemble or 
disassembly (or both) and benefit from low cost simple construction. Applications include 

□ flywheel energy storage systems, turbines and pumps. In the application of flywheel systems, 

□ the invention can work well with heavy flywheel systems such as those employing steel 

! 20 flywheels and especially in systems where the flywheel rotates about a substantially vertical 
axis. The invention allows generation of very large controllable axial forces for axially 
levitating a flywheel. The thrust bearing also generates a large passive upward force when 
located on a top-facing surface so that the bearing can be designed to lift the flywheel with 
very little control current. The magnetic bearing can also work directly on the axial face of a 
25 steel flywheel, which affords a large available surface area. Two sets of magnetic trust 

bearings can be used on opposite ends of the flywheel to double the force response to control 
current by one bearing decreasing its force when the force is increased at the other bearing. 
The bias flux creation from the permanent magnet reduces the unstable tilt moment generated 
from the thrust bearing and helps make a full levitation magnetic bearing system more stable. 
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In another embodiment of the invention, the rotor can have matching pole rings that 
correspond with the stator pole rings. The two sets of rings magnetically tend to align, thereby 
producing a passive radial centering force. The invention can be employed in full levitation 
magnetic bearing systems using active radial magnetic bearings, passive radial magnetic 
bearings or in systems that use mechanical bearings for radial support. 

Description of the Drawings 

Fig. 1 is a schematic elevation of a prior art single sided active magnetic thrust bearing 
configuration using an unbiased electromagnet. 

Fig. 2 is a schematic elevation of a prior art single sided active magnetic thrust bearing 
configuration using a permanent magnet in series with an electromagnet for generating bias 
flux. 

Fig. 3 is a schematic elevation drawing of a single sided active magnetic thrust bearing 
in accordance with the invention. 

Fig. 4 is a graph showing a comparison of axial force to coil current for prior art single 
sided active magnetic thrust bearings and the invention. 

Fig. 5 is a schematic elevation drawing of an alternate configuration single sided active 
magnetic thrust bearing in accordance with the invention. 

Fig. 6 is a schematic elevation drawing of a second alternate configuration single sided 
active magnetic thrust bearing in accordance with the invention. 

Fig. 7 is a schematic elevation drawing of a third alternate configuration single sided 
active magnetic thrust bearing in accordance with the invention. 

Fig. 8 is a schematic elevation drawing of a fourth alternate configuration single sided 
active magnetic thrust bearing in accordance with the invention. 

Fig. 9 is a schematic elevation drawing of a flywheel energy storage system with a 
single sided active magnetic thrust bearing in accordance with the invention. 

Fig. 10 is a schematic elevation drawing of an alternate configuration flywheel energy 
storage system with single sided active magnetic thrust bearing in accordance with the 
invention. 



Fig. 1 1 is a schematic elevation drawing of a second alternate configuration flywheel 
energy storage system with single sided active magnetic thrust bearing in accordance with the 
invention. 

Fig. 12 is a schematic elevation drawing of a fifth alternate configuration single sided 
5 active magnetic thrust bearing in accordance with the invention. 

Description of the Preferred Embodiment 

Turning to the drawings wherein like characters designate identical or corresponding 

parts, a single sided active magnetic thrust bearing 60 in accordance with the invention, shown 
10 in Fig. 3, includes a rotor or thrust disk 62 attached to a shaft 61 for rotation with the shaft 61 

about an axis of rotation 77, shown in broken lines. The rotor 62 is magnetically attracted by 
M- an adjacent bearing stator 63, acting upon a single axial side of the disk 62. It is contemplated 
3 that a second stator could be implemented on the opposite side of the disk 62, and that the 

stators on opposite sides of the disc 62 would be magnetically independent. However, this 
His construction would reduce the benefit of simpler construction and assembly and is less 
q preferred. 

The stator 63 is an annular body having two ferromagnetic yoke arms 64 and 65 that 
form concentric ring poles 74 and 73. The ring poles are axially spaced from the surface of the 

: 3 

Sj disc 62 by two annular, concentric air gaps 72 which together define an air gap plane that is 
w |o perpendicular to the axis of rotation 77, although the air gap plane could be at a slight angle to 
the axis of rotation 77 or could be on an arc having a center of curvature at the center of the 
tilt axis of the rotor 62 to improve the tilt axis stability of the bearing. A radially magnetized 
ring magnet 67, or magnet pieces assembled into a ring, drives a magnetic bias flux through 
two toroidal paths 69 and 70. 
25 A first flux path 69 for the permanent magnet 67, the bias flux path, includes the ring 

poles 73, 74, axial air gaps 72 and an annular portion 76 of the rotor 62 between the two ring 
poles 73, 74. A second flux path 70 for the permanent magnet 67, the bias shunt path, loops 
through a shunt section 75 of the stator 63. The shunt section 75 provides a flux conductor 
that is magnetically in parallel with the magnet 67 and the annular portion 76 of the rotor 62, 
30 and contains a high reluctance portion 68, which may be of non-ferromagnetic material or a 
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portion that magnetically saturates at the flux intensity produced by the permanent magnet 67 
through the shunt 75. 

The reluctance of the first and send paths 69, 70 are preferably comparable for 
maximum force response of the magnetic bearing 60. For instance, it is preferable that the 
5 ratio of reluctances of the first and second paths 69, 70 be between 0. 1 and 10. Ratios outside 
of this range can still achieve benefits of the invention but possibly not as large or as 
significant. The best ratio is really design dependent, depending on the magnet dimensions and 
properties, desired axial air gaps, pole areas and coil current and number of turns. The 
maximum force is obtained by using a large magnet so that the bias flux through the axial air 

10 gaps can be made large even with a small reluctance in the second path. A small reluctance in 
the second path allows for generation of a higher control flux, which increases the force 
response, that is, the change in force exerted by the magnetic bearing resulting from a change 

H in control current in the coil. Consideration of the pole areas must also be made to prevent 

; y j saturation of the poles 73, 74. 

m An electromagnetic coil 66 in the stator 63 generates a control flux through a control 

q flux path 71 . The coil 66 is wound coaxial with the axis of rotation of the rotor 62. The 

control flux in control flux path 71 loops the coil 66 in a toriodal circuit that includes the ring 
if poles 73, 74, axial air gaps 72, the annular portion 76 of the rotor 62 and the shunt 75. The 
!lj control flux and bias flux share the ring poles 74, 73 and axial air gaps 72 but their paths are 
1^0 otherwise not coincident. The shunt 75, although having a high reluctance portion 68, has a 

itsSi 

much lower reluctance than the permanent magnet 67, so a much higher control flux 71 is 
therefore generated by the control current applied to the coil 66 than would be generated if the 
shunt 75 did not exist. The reluctance of the shunt 75 and high reluctance portion 68 should 
not be made too low, which would increase the control flux but reduce the bias flux in the axial 

25 air gap 72 by shorting too much flux from the permanent magnet 67 through the shunt 75. 

In operation, when a positive current is applied to the coil 66, the control flux 71 adds 
with the bias flux 69 in the air gap 72 between the ring poles 73, 74 and the rotor 62, thereby 
increasing the upward force exerted by the stator 63 on the rotor 62. When a negative current 
is applied, the control flux 71 is subtracted from the bias flux 69 and the upward force 

30 decreases. When the flux in the air gaps 72 increases, the superposition causes the flux in the 
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parallel section to decrease. The force response of the magnetic bearing 60 is linear and highly 
amplified. The use of permanent magnets to provide the bias flux 69 results in reduced 
generation of an unstable tilt moment compared with bearings using electromagnetic generated 
bias flux. This is because the permanent magnet 67 acts like a large air gap, and changes in the 
5 axial air gap 72 result in a relatively small change in the reluctance of the bias flux path 69 and 
hence a smaller change in the flux density and axial force from tilting. 

A comparison of axial force generated to coil current for prior art single sided active 
magnetic thrust bearings and the invention, shown in the graph on Fig. 4, is based on a non- 
dimensionalized example for ease of comparison. For the design of Fig. 1, the coil current is 
10 varied from -3 to 3 resulting in a control flux from -3 to 3. The force generated is 

proportional to the square of the flux density and all designs in the comparison have the same 
I-* pole area. The maximum axial force change for the design of Fig. 1 is only 36 and the force is 
3 positive for either positive or negative coil currents. The axial force change is nonlinear and is 
ff! thus more difficult to control. For the design of Fig. 2, the permanent magnet provides a bias 

Hs flux of 100. The coil current is again varied from -3 to 3. However, because the coil must 

iH 

3 drive flux through a higher reluctance magnetic circuit that includes the effective air gap of the 
magnet, the control flux generated per coil current is much less. For the example, the length of 

^ the magnet was assumed to be equal to 20 times the length of the 2 axial air gaps. Therefore, 

m the control flux generated is equal to the coil current divided by 22. The axial force change 

Ho from a coil current of -3 is -109 and is 109 for a coil current of 3. The response is linear, 

iscs 

amplified over the design of Fig. 1 and negative coil currents cause a negative change in force. 
This result is much improved, but the force response is still smaller than desirable and required 
for many applications. The invention shown in Fig. 3 illustrates the dramatic performance 
improvement of the invention. The permanent magnet provides a bias flux of 100 and the air 

25 gap 68 in the second path was set equal to twice the axial air gap 72. The coil current is varied 
from -3 to 3, resulting in a control flux that varies from -3 to 3. For a coil current of -3, the 
axial force change is -598. A coil current of 3 provides a force change of 602. The response 
is linear, more highly amplified, and negative currents produce a reduction in force. The 
invention provides nearly six times as much force per coil current as prior art designs in this 

30 example. It should be noted that the static axial force with no coil current is 0 for design of 
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Fig. 1 and 40,000 for the designs of Figs. 2 and 3. The large static upward force can be used 
to offset the axial weight of a large vertically supported rotor or a rotor that experiences a 
large force in one direction. Alternatively, opposing bearings could be located on opposing 
ends of a body such that the static force becomes zero. With the coils of both active magnetic 
5 thrust bearings wired in cooperation such that one decreases force when the other increases 
force, the axial force change would become double. A larger permanent magnet can also be 
used to increase the bias flux or alternatively allow for a lower reluctance shunt with the same 
bias flux. The lower reluctance shunt 75 would increase the amount of control flux generated 
per coil current. Both would result in generation of even larger axial force changes per coil 
10 current, or force response. 

The invention can be made with many different possible configurations. An alternate 
configuration single sided active magnetic thrust bearing 80 in accordance with the invention, 
3 shown in Fig. 5, includes a ferromagnetic rotor 82 attached to a shaft 81 and an adjacent stator 
11 ! 83 that generates an attractive axial force on the rotor 82. The stator 83 is an annular structure 
.4(5 having two annular, radially spaced, concentric ferromagnetic yokes 84 and 85 that form axial 

I, is 

Q ring poles 90 and 89 facing the axially facing surface of the rotor 82. An axial air gap 91 is 
u formed there between. A radially magnetized permanent ring magnet 87, preferably a rare 
if earth permanent magnet such as NdFeB capable of producing a high flux density, is positioned 
iU between the yokes 84 and 85 and generates bias flux that travels in two torodial paths 92 and 
;JSo 93 . The bias flux path 92 travels through the pole rings 90, 89, axial air gaps 9 1 and an 

annular ferromagnetic region 96 of the rotor 82. The second path 93 loops around the magnet 
87 and through a shunt 95 that has a portion 88 with higher reluctance. The high reluctance 
portion 88 is formed by simply having a portion with reduced cross sectional area in the second 
path. The reluctance is low for low flux levels but at the flux level generated by the permanent 
25 magnet 87, the reduced area section 88 saturates and becomes high reluctance. 

The inner and outer yokes 84, 85 can be interference assembled for good concentricity 
and no extra non-ferromagnetic spacer is required. The benefit of using this structure is 
simpler construction. It is also possible, in another embodiment, that both yokes 84, 85 are 
fabricated as a single piece and the high reluctance portion machined into the combined yoke. 
30 This would result in even simpler construction and less assembly. A control coil 86 is 



10 



disposed between the ring poles 89, 90 and is wound coaxially with the axis of rotation 97 of 
the rotor 82. The coil 86 produces a control flux that loops the coil 86 in a control flux path 
94 that includes the two yokes 84, 85, the air gaps 91 and the annular ferromagnetic region 96 
in the rotor 82, and by-passes the magnet 87 by flowing through the shunt 95. The coil 86 
could be placed outside of the poles 89, 90, but this would result in less control flux in the path 
94 and is not preferred. The control flux in the path 94 is superposed with the bias flux in the 
path 92 in the axial air gaps, creating an amplified and linear force response. 

The previous two configurations of the invention used radially magnetized permanent 
magnets. This type of ring magnet is more expensive and difficulties can arise in getting the 
field to be uniform, so there are benefits to using axially magnetized magnets. Accordingly, a 
second alternate configuration single sided active magnetic thrust bearing 100 in accordance 
with the invention, shown in Fig. 6, uses an axially magnetized ring magnet 107. One of the 
benefits of the invention acting on only a single axial side of a rotor is that the use of an 
attached thrust disk may not be required. The configuration shown in Fig. 6 has a stator 103 
acting on the axial end of a rotor body 102 only. The active magnetic thrust bearing 100 
includes the rotor 102 and a fixed stator 103. The rotor 102 is shown with an integral shaft 
101. The stator 103 is an annular structure having two concentric ferromagnetic yokes 104 
and 105 that form concentric ring poles 109 and 1 10. Rotors without a shaft 101 could have 
the inner pole ring 1 10 consolidated into a solid cylinder, which could be considered a ring 
with an inner diameter of zero. 

The area of the poles 109 and 1 10 should be chosen to provide the desired force 
response. The force generated is proportion to the flux density, so smaller pole areas can yield 
high axial forces per coil current. However, consideration must be taken to prevent saturation 
of the poles 109, 1 10 before reaching the maximum desired force capability because of cross- 
sectional pole areas that are too small. An axially magnetized ring magnet 107, or ring magnet 
assembly made of separate magnet segments, provides bias fluxes 112 and 1 13. The bias flux 
1 12 travels through the ring poles 109, 1 10, across the air gaps 1 1 1 and through an annular 
ferromagnetic region of 1 17 the rotor 102. The axial face of the rotor 102 has matching axially 
projecting pole rings 115 that are magnetically biased to align with the stator poles 109 and 
1 10. The result of the rotor poles 1 15 is that the stator 103 generates a passive radial 
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centering force on the rotor 102. The single sided active magnetic thrust bearing of the 

invention thereby also becomes a passive radial magnetic bearing. 

The permanent magnet 107 also drives flux through a second path 1 13 that includes a 

shunt 1 16 that incorporates a high reluctance portion 108 or an air gap. The control coil 106 is 
5 disposed between the poles 109, 1 10 and is wound coaxial with the axis of rotation 1 18 of the 

rotor 102. The control flux travels through a control flux path 1 14 that includes the shunt 1 16 

and its high reluctance portion 108, through both stator poles 109, 1 10, axial air gaps 1 1 1 and 

through annular region 1 17 of the rotor 102. As before, superposition of the control and bias 

fluxes in the axial air gaps 111 produces a high force response. 
10 A third alternate configuration single sided active magnetic thrust bearing 120 in 

□ accordance with the invention, shown in Fig. 7, has different construction from the previous 
ri configuration, but has similar functioning. The active magnetic thrust bearing 120 has a rotor 
UJ 122 with an integral shaft 121, and a stator 123 that provides controlled axial levitation force 

I r on the rotor 122, The stator 123 is an annular structure having two radially spaced apart 
:s5 15 annular yokes 124 and 125 that form pole rings 129 and 130 facing the axial surface of the 
M rotor 122 and axially spaced from the axial surface of the rotor by axial air gaps 132. An 

□ axially magnetized ring magnet 127 provides bias flux, which loops through two toroidal paths 
;JS 133 and 134. The bias flux in the path 133 traverses a stator arm 138, the two poles 129, 130 
H 1 and the axial air gaps 132, and travels through an annular region 136 in the rotor 122. The 

20 shunted bias flux loops in the bias shunt path 134 around the magnet 127, passing through a 
shunt 137 having a high reluctance portion 128 that prevents shorting of all of the bias flux 
from the magnet 127. An electromagnetic coil 126 is wound coaxially with the axis of rotation 
139 of the rotor 122. The coil 126 generates a control flux 135 that is superposed with the 
bias flux 133 in the axial air gaps 132. In this configuration, the rotor 122 contains poles that 

25 are formed by cutting grooves 131 into the axial face of the rotor to offer some radial centering 
force for the magnetic bearing 120. 

A fourth alternate configuration single sided active magnetic thrust bearing 140 in 
accordance with the invention, shown in Fig. 8, may offer easier assembly for some systems. 
The active magnetic thrust bearing 140 includes a rotor 142 with an integral shaft 141 and a 

30 fixed annular stator 143 that is axially adjacent to the rotor 142. The stator 143 has two yokes 
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144 and 145 that form axial pole rings 149 and 150, closely space from the surface of the rotor 
by an axial air gap 152. A permanent magnet 147 creates bias flux that travels in two toroidal 
paths 153 and 154. The bias flux 153 travels through the stator poles 149, 150, the axial air 
gaps 152 and through an annular region 156 in the rotor 142. The bias shunt flux 154 loops 

5 around the magnet 147 and passes through a shunt 157 having a high reluctance portion 148. 
A control coil 146, wound coaxially with the axis of rotation 158 of the rotor 142, generates 
control flux, which loops the coil 146 in a toriodal path 155 including portions of the yoke 
144, the shunt 157 and its high reluctance portion 148, both poles 149, 150 and the air gaps 
152, and the annular region 156 of the rotor 142. The control flux and bias flux 155 and 153 

10 superpose in the axial air gaps 152 to provide actively controllable thrust force. Grooves 151 
in the face of the rotor 142 provide passive radial centering. It is also possible to increase the 

□ amount of passive radial centering force generated by dividing each of the stator poles 149, 
j*S 150 into multiple poles and having multiple poles on the poles on the face of the rotor 142. 
- y It is usually most desirable to place permanent magnets in magnetic bearing 

yl5 applications on stationary parts. Magnets typically have low strength and can fracture if 
subjected to stresses of high speed rotation. Up to this point, all configurations of the 
invention have had the permanent magnet for generation of bias flux located on the stator. 

□ However, the invention can also be configured such that the permanent magnet is located on 

ill 

jfl the rotor. There may be some circumstances where this is preferable, possibly due to space 
"io requirements for a certain application. It is also contemplated that magnetic bearings 

according to the invention could have permanent magnets on both the rotor and stator for 
generation of even higher bias fluxes and force response. The rotor and stator in this case 
would each have second paths. 

The invention is well suited for applications that require high axial force generation, 
25 high forces primarily in one direction and or easy assembly and disassembly. Such applications 
can include but are not limited to flywheel energy storage systems, turbines, engines and 
pumps. The invention is particularly useful in flywheel energy storage systems. Flywheels can 
have very large masses for storing large amounts of energy. This is especially true for 
flywheels constructed of steel. When a flywheel is designed to rotate about a vertical axis, the 
30 high axial force response of the active magnetic thrust bearing can be used to control the axial 
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position. The large static, or zero current, axial upward force provided by the single sided 
construction of the invention can be designed to support the majority of the flywheel weight 
without coil current. The magnetic thrust bearing can also actuate directly on the axial end of 
the rotor that can have a large surface area. Alternatively, upper and lower axial magnetic 
thrust bearings can be placed on both ends of the rotor for double the force response. 

As shown in Fig. 9, a flywheel energy storage system 160 with single sided active 
magnetic thrust bearing in accordance with the invention includes a solid steel flywheel 161 
that rotates in an evacuated chamber 163 inside a sealed container 162. The flywheel 161 has 
upper and lower axial shafts 175 and 172 having axes lying on the axis of rotation of the 
flywheel 161. The flywheel 162 is supported by a full levitation magnetic bearing system that 
includes upper and lower active radial magnetic bearings 176 and 169, and an active magnetic 
thrust bearing 182. The radial magnetic bearings 169, 176 have bearing rotors 170 and 178 
that are attached to the shafts 172, 175. The rotors 170, 178 are surrounded by and acted 
upon by radial bearing stators 171 and 177. 

The axial weight of the flywheel 161 is supported by the active magnetic thrust bearing 
182. The thrust bearing has two concentric axial ring poles 183 that act magnetically upon the 
top axial end of the flywheel 161. A permanent magnet 184 drives bias flux in a toroidal first 
path, including the poles 183 and an annular region of the rotor 169 between the two ring 
poles 183, and also drives flux in a toroidal second path through a shunt 185 that is 
magnetically in parallel with the magnet 184 and the annular region of the flywheel 161 
between the poles 183 . The shunt 185 has a high reluctance portion that is comparable to the 
reluctance of the first path. 

A coil 186, wound coaxially with the axis of rotation of the flywheel 161, provides 
control flux which loops the coil 186 in a toroidal path including the two ring poles 183, the 
shunt 185, and the annular region of the flywheel 161 between the two poles 183. An axial 
position sensor 181 senses the position of the shaft 175 provides position feed-back data to a 
controller 187, which sends control current via a conductor 188 to the coil 186 to maintain 
levitation of the flywheel 161. The power for the control current could be supplied from the 
electric grid via an external cable 189, which also supplies power to a motor/generator 164 for 
accelerating the flywheel, and conducts power from the motor/generator when needed. A 
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velocity sensor could be used instead of the position sensor 181, or the coil 186 itself could be 
used to provide the feedback for control. When the magnetic bearings 182, 176, 169 are not 
operating, auxiliary bearings 173 and 180 support the flywheel 16L The bearings 173, 180 are 
mounted to upper and lower housings 167 and 168 through use of spring dampers 174 and 
5 179. To store and retrieve energy, the motor/generator 164 attached to the shaft 175 provides 
torque to accelerate the flywheel to its operating rotational speed. The motor/generator 164 
has a permanent magnet motor rotor 165 attached to the shaft 175 and a surrounding stator 
166. Other types of motor/generators or a separate motor and generator can also be used. 
Another configuration of a flywheel energy storage system 190 with a single sided 
10 active magnetic thrust bearing in accordance with the invention, shown in Fig. 10, has a solid 
steel flywheel 191 that rotates inside a container 192 having an internal chamber 193 
maintained at a vacuum. The flywheel 191 has upper and lower shafts 194 and 195 and is 
□ supported by a full levitation magnetic bearing system. In this configuration, the flywheel is 
y supported radially by passive radial magnetic bearings 196 and 196a and is supported axially by 
fjs upper and lower active magnetic thrust bearings 210 and 215. Two different types of passive 
Q radial magnetic bearings 196, 196a are illustrated. The passive radial magnetic bearing 196a is 

comprised of multiple stationary concentric permanent ring magnets 205 and cooperating 
^ concentric ring poles 206 on the upper axial face of the flywheel 191. The ring poles 206 and 
iU ring magnets 205 are co-axial with the longitudinal axis of the flywheel and the ring poles 206 
jljo tend to align with the ring magnets 205 and generate a passive radial centering force tending to 
hold the flywheel radially on its longitudinal axis. The passive radial magnetic bearing 196 uses 
ring magnets 207 attached to the face of the flywheel 191 that tend to align with stationary 
bearing ring magnets 208. A magnetically insulating ring 209 is included to prevent shorting of 
the magnets 207. 

25 In this example, active axial magnetic thrust bearings 210, 215 are used at both the top 

and bottom ends of the flywheel 191, providing twice the axial control force that would be 
provided by such a bearing at only one end. The upper thrust bearing 210 is like the 
embodiment shown in Fig. 5, and the lower thrust bearing 215 is like the bearing shown in Fig. 
7. The thrust bearings 210, 215 have permanent magnets 212, 217 for providing bias flux and 

30 control coils 213, 218 for generating control flux. The shunts 214 and 219 complete a 
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magnetic circuit for the control flux from the coils 213 and 218, while high reluctance portions 
in the shunts 214, 219 prevent shorting of the magnets 212, 217. Axial ring poles 211, 216 
cooperate with the faces of the flywheel 191 . The thrust bearings 196, 196a could use disks 
attached to the flywheel shafts 194, 195 instead of using the ferromagnetic properties of the 
flywheel itself, or for use with composite flywheels, however this would be more complex and 
bulkier in this design. An axial position sensor 199 provides feedback, as in the system shown 
in Fig. 9. When the magnetic thrust bearings 196, 196a are not operating, the flywheel is 
supported by auxiliary bearings 197, 200 that are mounted using compliant mounts 198 and 
201. The flywheel 191 is accelerated and decelerated for storing and retrieving energy using a 
motor/generator 202. The motor/generator 202 is comprised of a rotor 203 attached to the 
shaft 194 that is surrounded by a stator 204. An axial gap motor/generator could also be used 
which would have the benefit of generating lower or no radial destabilizing forces. 

The active magnetic thrust bearing can also be used in combination with mechanical 
bearings. A second alternate configuration flywheel energy storage system 230 with single 
sided active magnetic thrust bearing in accordance with the invention, shown in Fig. 1 1, has a 
flywheel 23 1 that rotates inside an evacuated chamber 233 within a sealed container 232. The 
flywheel 231 is supported radially by upper and lower mechanical bearings 236 and 238 such 
as ball bearing sets. The mechanical bearings 236, 238 are mounted to upper and lower 
housings 248 and 249 using compliant mounts 237 and 239. The life of the mechanical 
bearings 236, 238 is greatly extended by removing most or all of the axial weight of the 
flywheel 231. To remove all of the weight, the shafts 235 and 234 can be axially free inside the 
bearings 236, 238. 

An active magnetic thrust bearing 243 lifts the weight of the flywheel 23 1 . The thrust 
bearing has a permanent magnet 245 to provide bias flux and an electromagnetic coil 246 that 
provides control flux. A shunt 247 having a high reluctance portion completes the magnetic 
circuit that loops the coil 246 through concentric ring poles 244 and across air gaps to an 
annular portion of the axially facing surface of the flywheel 231 between the ring poles 244 to 
provide lift. The high reluctance portion of the shunt 247 prevents shorting of all the bias flux 
from the magnet 245. A position sensor, like that shown at 181 in Fig. 9, can be used for 
feedback if the flywheel 23 1 is axially free in the mechanical bearings 236, 238. Alternatively, 
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if the thrust bearing 243 is used to remove only a majority of the axial weight of the flywheel 
231 from the mechanical bearings 236, 238, a load cell, not shown, or constant current supply 
can control the thrust bearing. The flywheel is accelerated and decelerated for storing and 
retrieving energy through an attached motor/generator 240. The motor/generator 240 uses a 
5 rotor 241 attached to the flywheel shaft 235 that is surrounded by and acted upon by a stator 
242. 

A fifth alternate configuration single sided active magnetic thrust bearing 260 with 
permanent magnet on a rotor 266 in accordance with the invention, shown in Fig. 12, includes 
a disk 262 attached to a shaft 261 and acted upon by a stator 263. The stator 263 has an 
10 annular downwardly opening U-shaped ferromagnetic yoke 264 having two radially spaced 
concentric poles 270 and 271, and receives an electromagnetic coil 265, wound coaxial with 
S the axis of rotation of the disk 262. The poles 270 and 270 are closely spaced axially from the 
□ surface of the rotor 266, defining therewith two concentric axial air gaps 272. The rotor 266 
111 includes the disk 262 and an outer ferromagnetic ring 267. A permanent magnet 268, attached 
! 45 in a recess in the rotor 266, provides bias flux, which travels in first and second toroidal paths 
O 273 and 274. The bias flux first path 273 traverses the axial air gaps 272 and through the yoke 
u 264. The pole rings 270 and 27 1 receive and send the flux across the air gaps 272 between the 
5 rotor 266 and stator 263. The magnet 268 also generates another flux 274 that loops around 
C"' the magnet and traverses the bias shunt path through a shunt 276 which includes a high 
Pio reluctance spacer 269 in the shunt 276. The outer ring 267 can be interference assembled over 
the magnet 268 to reinforce it for high speed rotation. The coil 265 generates the control flux 
275, which superposes with the bias flux 273 in the axial air gaps 272 and produces a high 
force response. 

In all configurations of the invention, the result is to produce a high axial force with 
25 linear response and a single sided construction. It is conceivable that the axial air gaps could 
be put on slight angles by angling the axial surfaces of the yoke poles and the rotor surface. 
This would result in generation of some radial unstable force and a reduction in the axial force 
generated. Such a modification is not preferable but it would still produce the linear amplified 
axial force of the invention and would be considered to be in accordance with the invention. 
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Obviously, numerous modifications and variations of the preferred embodiment 
described above are possible and will become apparent to those skilled in the art in light of this 
specification. For example, the yoke could have only a single annular pole forming a single 
annular axial air gap with the rotor, with the other pole forming an airgap with the rotor shaft 
and completing the flux path through the rotor shaft. Moreover, many functions and 
advantages are described for the preferred embodiment, but in many uses of the invention, not 
all of these functions and advantages would be needed. Therefore, I contemplate the use of the 
invention using fewer than the complete set of noted features, process steps, benefits, functions 
and advantages. For example, all the process elements may be used to produce a particular 
product or output that requires the characteristics provided by each process element, or 
alternatively, they may be used in combinations that omit particular process elements or 
substitute others to give the desired characteristics. Moreover, several species and 
embodiments of the invention are disclosed herein, but not all are specifically claimed, although 
all are covered by generic claims. Nevertheless, it is my intention that each and every one of 
these species and embodiments, and the equivalents thereof, be encompassed and protected 
within the scope of the following claims, and no dedication to the public is intended by virtue 
of the lack of claims specific to any individual species. Accordingly, it is expressly intended 
that all these embodiments, species, modifications and variations, and the equivalents thereof, 
in all their combinations, are to be considered within the spirit and scope of the invention as 
defined in the following claims, wherein I claim: 
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